Abstract-Fiber-grating-based self-matched additive-pulse mode-locked (APM) fiber lasers were investigated both theoretically and experimentally. With three fiber gratings to form the linearly coupled cavities, such a fiber laser system could generate stable mode-locked output without critical cavity length control. It was shown that the wavelength dependence of the effective penetration length of a fiber grating led to the self-matching of the cavity lengths of the coupled cavities. A millimeter-order cavity-length mismatch could be tolerated. In a similar laser structure using chirped fiber gratings with a designated arrangement of the grating polarities, the APM fiber laser could have the advantages of higher tolerance of cavity-length mismatch and stretched-pulse amplification. After pulse compression with a piece of single-mode fiber, output pulses with full-width at half-maximum pulsewidths of 930 fs were obtained.
I. INTRODUCTION
T HE ADDITIVE-PULSE mode-locking (APM) technique was one of the key techniques for starting the era of ultrafast optics. It has been widely used for generating ultrashort pulses from various laser systems, including Nd:YAG, color-center, Ti:sapphire, and Er-doped fiber lasers. In this technique, the interference between two overlapping pulses from two coupled cavities, usually one containing the laser gain medium and the other containing a nonlinear medium for power-dependent phase modulation, could lead to pulse compression [1] . Because of the interfering nature of this mode-locking technique, typically a critical adjustment for matching the optical lengths of the two cavities was required [2] . In one implementation, a translation stage was generally needed for coarse adjustment and a piezoelectric transducer was required for fine adjustment. A servo-electronic circuit was used for mode-locking stabilization. For solid-state lasers with free-space external cavities, the configuration of linear coupled cavities was typically used for APM. However, this configuration is not suitable for all-fiber fiber lasers. This is so because, on the one hand, it is difficult to find a fiber component for dividing the two cavities; on the other hand, it is difficult to match the fiber lengths of the two cavities because of the nature of fiber splicing at the connections. Actually, Manuscript received June 29, 1998; revised October 16, 1998. This work was supported by the National Science Council, R.O.C., under Grant NSC 87-2215-E-002-006, Grant NSC 87-2215-E-002-007, Grant NSC 86-2212-M-002-024, Grant NSC 86-2215-E-002-010, and Grant NSC 86-2215-E-002-011.
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the first pulsed fiber laser based on the concept of APM was implemented with one section of the coupled cavity in free space for cavity length matching [3] . However, such a laser configuration needs a complicated setup. Also, the ring-cavity polarization-APM configuration was used for all-fiber modelocked fiber lasers [4] . Nevertheless, such a mode-locking process is based on nonlinear polarization evolution in the fiber which is different from the coupled-cavity mode-locking mechanism of concern in this paper. Recently, APM fiber lasers with linearly coupled cavities formed with three fiber Bragg gratings were implemented [5] , [6] . Without explanation, it was reported that critical cavity length control was unnecessary in achieving stable mode locking. The implementation of their APM fiber lasers implied the existence of a certain mechanism for self-matching the coupled cavities. According to our study, this simple modelocking operation is attributed to the fact that a fiber grating can serve as a wavelength-dependent delay component. In other words, the effective penetration length into a fiber grating depends on the operating wavelength. Hence, the effective optical lengths including the parts penetrating into the fiber gratings of the two coupled cavities can be self-matched by self-adjustment of the oscillating wavelength. The detailed theory of this self-matching mechanism is the first part covered in this paper. The same mechanism works in coupled cavities formed with chirped fiber gratings. With chirp, the selfmatching mechanism is more efficient. In other words, a larger cavity mismatch can be tolerated. Besides, with high groupdelay dispersion (GDD) contributed from the chirped fiber gratings, the laser could have the advantage of stretched-pulse amplification [7] . Because of the anomalous group-velocity dispersion (GVD) nature of a typical single-mode fiber near 1550 nm, usually a mode-locked fiber laser results in the generation of soliton-like pulses [1] . However, because the formation of solitons sets a limit to the output pulse energy, nonsoliton output is preferred for achieving a higher output pulse energy [8] . This goal can be reached by making the effective GVD positive inside the laser cavity. With positive GVD, the output pulse width is stretched and the pulse can be amplified without the soliton limit. This mechanism is called stretched-pulse amplification. In such a design, a piece of fiber with negative GVD at the operating wavelength is usually needed after the laser output port for compressing the pulse. In our study, we found that with a designated arrangement of chirped grating polarities, the laser configuration led to not only to efficient self-matching of cavity lengths but also a positive effective GVD inside the main cavity for pulse stretching. The design, simulation, and experimental imple-0018-9197/99$10.00 © 1999 IEEE mentation of such a mode-locked fiber laser are also covered in this paper. In Section II, theoretical analysis is presented and the results of numerical simulations are given in Section III. Then, the experimental procedures and results are discussed in Section IV. Finally, conclusions are drawn in Section V.
II. THEORETICAL ANALYSIS
The system configuration is shown in Fig. 1 for coupled cavities formed with (a) uniform fiber gratings and (b) chirped fiber gratings. Between the three fiber gratings, the main cavity contains a piece of Er-doped fiber and the auxiliary cavity contains a piece of communication single-mode fiber.
A. Cavity Length Self-Matching
The basic idea for cavity length self-matching is that a fiber grating serves as a wavelength-dependent delay line. For a given cavity length mismatch within a certain range, the laser system can find a suitable oscillating wavelength at which the difference of the group delay between the gratings used can compensate for the cavity length mismatch. The tolerance range for cavity mismatch depends on various parameters, including grating length, grating reflectivity, chirp of the grating and the differences between the gratings. To understand this phenomenon quantitatively, we start with the reflection coefficient and transmission coefficient of a uniform fiber grating which are expressed as [9] (1) (2) where is the grating length, is the coupling coefficient in the grating, and is defined as where is the propagation constant in the fiber, is that at the signal central frequency and is the group velocity. If we designate the higher refractive-index as and the average refractive-index of the fiber as then is given by where is the speed of light in vacuum. The group delay time of the reflected signal is the derivative of the phase shift as (3) It is noted that is typically complex. Now, we define an effective penetration length into a grating corresponding to the delay distance of the grating as (4) where the factor of two in the denominator accounts for the round trip of the reflected signal in the grating.
To show the basic idea of cavity self-matching, we first consider the case of the APM laser structure with coupled cavities using uniform fiber gratings. From (4), we can derive an analytical form of the effective penetration length for a uniform fiber grating as (5) Fig. 2 shows the reflectance and the effective penetration length of a uniform fiber grating with mm and m . The effective penetration length of a uniform fiber grating is symmetric in frequency and between the two input directions. In other words, the effective penetration length is the same for signals reflected from both sides of a uniform fiber grating. Different grating lengths lead to quite different effective penetration lengths. Note that for a uniform grating the effective penetration lengths near the edges of the reflection window can be longer than the grating length. This is due to the reduced group velocities at those wavelengths. In our laser system, because the central grating (grating 2) in Fig. 1 (a) causes equal delay time for the two cavities, it actually makes no contribution to cavity length matching. The cavity length mismatch is compensated by the difference of the effective penetration length between gratings 1 and 3, i. e., (6) where and represent the physical lengths of the main cavity and the auxiliary cavity, respectively. Meanwhile, and stand for the effective penetration lengths of the uniform fiber gratings 1 and 3, respectively. For a given mismatch within the tolerance range, the laser system can find an oscillating wavelength so that (6) is satisfied. Under the condition that the cavity length mismatch is compensated, the additive-pulse mode-locking interaction can be expected for generating short pulses.
Because of the ripples in the group delay response of a chirped fiber grating with uniform index variation, it is not suitable for applications, particularly those in connection with dispersion compensation [10] and cavity length matching. This problem can be overcome by using chirped fiber gratings with apodization. Fig. 3 shows the reflectivity and effective penetration length of an apodized chirped fiber grating with mm, m and a Gaussian-apodized refractive-index profile. Here, we can clearly see quite different characteristics of an apodized chirped fiber grating from a uniform one. Since we will be always concerned with chirped gratings with apodization, the word "apodized" is neglected in the following. The effective penetration length of a chirped fiber grating is asymmetric in frequency and between the two input directions. In fact, the effective penetration lengths for signals reflected from the large-period side and the small-period side of a chirped fiber grating are nearly complementary. Intuitively, the effective penetration length of a chirped fiber grating is the length between the grating input end and the position where the corresponding Bragg wavelength of the grating period equals the signal wavelength. Hence, complementary effective penetration lengths from the two sides are expected. For cavity length self-matching, chirped gratings are actually more effective than uniform gratings because, in a chirped grating, the curve of the effective penetration length is nearly linear and the slope is larger. This means that with the same wavelength shift a larger cavity length mismatch can be compensated. In a coupled-cavity configuration with chirped gratings, contrary to the uniform grating case, the central chirped grating (grating 2) causes different delay times for the two cavities and hence makes a significant contribution to cavity length matching. Also, the polarities (from the largeperiod or small-period side) of the three chirped gratings would affect the effective cavity lengths of the two coupled cavities. To compensate for the cavity length mismatch, the differences of the effective penetration lengths among three gratings including their polarities must be taken into account. For the case depicted in Fig. 1(b) , this relation can be formulated as (7) where and denote the effective penetration lengths of the three chirped gratings, and the subscripts and represent the situations in which the signal is reflected from the large-and small-period sides, respectively.
B. Stretched-Pulse APM Using Chirped Fiber Gratings
The GDD of a fiber grating plays an important role in the effective GVD of a laser cavity. The GDD of a fiber grating is the derivative of the group delay as (8) Chirped gratings with different grating polarities have different signs of GDD values. For a chirped grating, the GDD is positive from the large-period side and negative from the small-period side. Usually, the GDD value of a uniform grating is relatively small. Hence, the effective GVD of a laser cavity is not significantly affected by the uniform gratings. However, the GDD value of a chirped grating can be quite larger, compared with the intrinsic GVD value of a piece of singlemode fiber of several meters in length. Hence, the effective intracavity GVD is dominated by the chirped gratings. To stretch the pulse for the purpose of increasing the pulse energy, we can arrange the three chirped gratings in a way that the large-period sides face the main cavity and the small-period sides face the auxiliary cavity. This leads to the result that the oscillating pulses experience highly positive effective GVD in the main cavity and highly negative effective GVD in the auxiliary cavity. For calculation simplicity, the frequency dependence of the reflection coefficient of a chirped grating is assumed to follow a parabolic function such as (9) where is the reflection coefficient at the central wavelength, is the bandwidth of the reflection window, and and are the phase shift, group delay time, and GDD at the central oscillating frequency respectively. Meanwhile, the subscripts and denote the polarities of the chirped gratings as defined in (7) . With this approximation, we build an equation system [see (10) ] based on the nonlinear Schrödinger equation including the effects of: 1) gain constant ; 2) gain bandwidth ; 3) GVD factors and ; and 4) self-phase modulation of the fibers in the main cavity, auxiliary cavityc and output compressor (the fiber used to compress the pulses after the laser output port), respectively. The equation system also contains the parameters of the three chirped gratings including the reflection coefficients the bandwidths of the reflection windows and the GDD and with the designated grating polarities. The equations for various scalar wave fields and as defined in Fig. 4 (except for the output wave field , all the wave fields are defined at the connecting points of cavity fibers and gratings), are given as In the equations above, self-phase modulation effects are denoted by where represents the physical length of the fiber compressor. Equations (10a)-(10h) were derived based on the master equation in [1] with the following factors taken into account: 1) the bandwidths of the reflection windows of the gratings as defined in (9) and 2) the signs and magnitudes of the group delay dispersion of the three chirped gratings. Meanwhile, the following two assumptions were made to simplify the derivations.
1) The reflectivities and reflection window bandwidths of gratings 1 and 3 are sufficiently large so that they can be regarded as two high-reflection mirrors.
2) The group delay response in transmitting a grating is assumed to be independent of wavelength since it is almost a constant. Equations (10a)-(10h) were numerically solved to simulate pulse evolution in such a coupled-cavity laser.
Before presenting our numerical results, let us first give the procedure for solving those equations. This procedure provides a qualitative description of the evolution of the signals in the coupled cavities. We start with a transient signal or long pulse which may come from noise. At the beginning, the laser system picks up the oscillating wavelength Fig. 7 . Simulation results of pulse evolution just from the output gratings in Fig. 1(a) and (b) , respectively, under the condition that the oscillating wavelength is self-adjusted so that the cavity length mismatch is compensated for.
at which the coupled cavities are matched [described by (7) ]. After that, the pulsed signal begins to have additivepulse interactions [described by (10a)-(10f)]. The pulse in the main cavity is stretched with highly positive dispersion while reflected from the large-period side of the chirped gratings. The stretched pulse receives more gain without significant gain saturation. Meanwhile, the pulse in the auxiliary cavity is stretched with highly negative dispersion while reflected from the small-period side of the chirped gratings. Hence, the pulses in the two cavities have opposite signs of chirp. When the pulses from the two cavities combine near the central grating, the two pulses have coherent additive-pulse interactions only near their peaks. As a result, the pulse in the main cavity is shortened after each round trip. When the stretching and shortening effects reach balance, stable pulses with positive chirping can be obtained from the output grating. After passing through the output grating [described by (10g)], the positively chirped output pulse is shortened through selfphase modulation and dispersion compensation in the output fiber compressor [described by (10h)].
III. NUMERICAL SIMULATIONS
In the simulations, the parameter values used for the coupled cavities included: the GVD of the fiber at ps m the nonlinear refractive-index at cm W and the gain constant in the main cavity at cm .
(a) (b) Fig. 8 . Simulation results of (a) the spectra and (b) the pulse shapes of the uncompressed (solid curves) and compressed pulses (dashed curves).
The effective refractive index was 1.46 of the fiber and the index change in the gratings was 1.78 10 . The lengths of the uniform gratings used in Fig. 1(a) were 2, 3, and 8 mm for gratings 1, 2, and 3, respectively. The parameter values for chirped gratings included: the grating chirp at 0.2 nm/cm and the grating lengths at 16, 17, and 18 mm for gratings 1, 2, and 3 in Fig. 1(b) , respectively. All the fiber gratings were assumed to have the same center Bragg wavelength at 1540 nm. The lengths of the two coupled cavities were near 2.3 m with cavity length mismatches of 0.14 mm in Fig. 1 (a) and 2 mm in Fig. 1(b) . The peak power and pulsewidth of the initial Gaussian pulse were set at 6 mW and 1 ns, respectively. Fig. 5(a) and (b) show the reflectance, group delay times, and effective penetration lengths, respectively, of the three uniform gratings used in Fig. 1(a) . Fig. 5(c) shows the value as a function of the oscillating wavelength. Fig. 6(a) and (b) shows the corresponding values of the three chirped gratings used in Fig. 1(b) . Meanwhile, Fig. 6(c) shows the value as a function of the oscillating wavelength. Figs. 5(c) and 6(c) provide the information about the wavelength adjustment for compensating a certain cavity length mismatch. The maximum compensating capability is limited by the reflection windows of the used gratings. Fig. 7(a) and (b) demonstrate the evolution of the output pulses right from the output gratings as in Fig. 1(a) and (b), respectively, under the condition that the oscillating wavelength has been self-adjusted to compensate for the cavity Fig. 9 . Measured reflectance spectra of the three chirped fiber gratings used in Fig. 1(b) . (a) Grating 1, (b) grating 2, and (c) grating 3. length mismatch. We can see that in either case the pulse is first compressed and eventually reaches a steady state. This implies the feasibility of mode locking. In Fig. 7(a) , the oscillating wavelength is self-adjusted to 1540.1016 nm, at which the cavity length mismatch (assumed to be 0.14 mm) is just the same as the value of . It was shown that at oscillating wavelengths other than this value, the pulse became broadened and vanished after a certain number of round trips. In Fig. 7(b) , the oscillating wavelength is self-adjusted to 1540.04 nm, at which the cavity length mismatch (assumed to be 2 mm) is just the same as the 
value
. It was also shown that at an oscillating wavelength other than this value, a steady pulse could not be obtained. Note that the output pulses in Fig. 7(b) are those right after the output grating and should be positively chirped. After pulse compression, the pulsewidth becomes smaller. Fig. 8(a) and (b) shows the spectra and pulse shapes of the uncompressed (solid curves) and compressed (dashed curves) pulses. The spectrum of the pulse becomes broadened due to self-phase modulation in the fiber compressor. Meanwhile, the pulsewidth is shortened due to anomalous GVD in this fiber.
IV. EXPERIMENTAL PROCEDURES AND RESULTS
In our experiments, the fabricated fiber laser has the configuration shown in Fig. 1(b) . We used a highly Er-doped fiber (2700 ppm) of 1.9 m in length in the main cavity. The parameter values of the used fiber gratings and fiber are the same as those described in Section III for the simulations. The chirped fiber gratings were fabricated with a chirped phase mask by exposing to UV laser pulses at 248 nm. During the fabrication process, the UV laser beam was in a nearly Gaussian profile. Hence, the chirped fiber gratings were expected to be apodized. Fig. 9 shows the measured reflectance spectra of the three chirped fiber gratings. All the fiber elements were spliced together and the cavity lengths were controlled to within an accuracy of 1 mm. Note that it was almost impossible to match the cavity length within wavelength-order accuracy while splicing the fiber elements. A CW Ti:sapphire laser at 980 nm was used for pumping the fiber laser. Fig. 10 shows the output power as a function of the pump power. The lasing threshold was 40 mW and the slope efficiency was about 1.2%. When the pump power was above 90 mW, stable pulse trains could be observed (see Fig. 11 ). The 43.9-MHz pulse repetition rate is consistent with the cavity length of 2.34 m. To confirm the effect of stretchedpulse amplification, we observed the pulse evolution along the fiber compressor. Fig. 12(a) and (b) show the spectrum and autocorrelation trace, respectively, of the output pulse right after the isolator (about 2.5-m fiber length from the output grating). The pulse here had a spectral width of 0.7 nm and a full-width at half-maximum (FWHM) pulse of 5.5 ps. The time-bandwidth product was 0.487, which was 1.55 times larger than a transform-limited pulse. This is as expected because the output pulse should be positively chirped. Note that autocorrelation was measured with the technique of two-photon absorption in a light-emitting diode at 933 nm. Then, the fiber compressor was spliced to the output end of the isolator. It was observed that the pulsewidth became shorter and shorter along the fiber length. Due to self-phase modulation, the spectral width became broadened. At 12 m from the output grating, the shortest pulse width was obtained. Fig. 13(a) and (b) show the spectrum and autocorrelation trace, respectively, of the pulse at this point. The spectral width was 2.75 nm and the FWHM pulse duration was 930 fs, leading to a time-bandwidth product of 0.324. This implies that nearly transform-limited pulses were obtained. Fig. 14 shows the measured evolution of the pulsewidth (filled circles) and the spectral width (filled triangles) of the pulse along the fiber compressor. The solid curves represent the simulation results obtained by numerically solving (10a)-(10h). Good agreement between the experimental and simulation results can be clearly seen in Fig. 14. 
V. CONCLUSIONS
We have theoretically and experimentally investigated the self-matching mechanism of the APM fiber lasers with linearly coupled cavities formed with fiber gratings. A stretched-pulse APM mode-locked fiber laser using chirped fiber gratings was proposed and successfully implemented. The cavity length mismatch of the coupled cavities could be automatically compensated by self-adjusting the oscillating wavelength. The wavelength-order cavity length control in the conventional APM technique became unnecessary. Using apodized chirped fiber gratings, the APM fiber laser could have the advantages of cavity length self-matching and stretched-pulse amplification. With an appropriate compression process, almost transform-limited pulses with a FWHM pulse of 930 fs were obtained. The pulsewidth of such a mode-locked fiber laser was limited by the reflection windows of the chirped gratings that were used. Currently, we are fabricating gratings with an even higher chirp for achieving a wider grating reflection window so that a shorter pulse can be obtained.
